There has been a steady increase in the age of potential recipients for liver transplantation over the past two decades. While patients older than age 60, on average, did not do as well as younger patients after transplantation, optimizing patient selection could minimize this discrepancy. It is appropriate to evaluate functional elderly patients without significant medical co-morbidities for liver transplantation for the same indications as younger patients. For elderly patients with hepatocellular carcinoma and otherwise compensated liver disease, however, it is important to consider alternative treatment modalities that could provide similar survival. Elderly candidates who became too ill should be compassionately counseled away from transplantation based on existing prognostic models that can accurately predict post-transplant mortality. Finally, elderly transplant candidates and recipients may benefit from a more tailored management strategy in terms of donor risk matching and less immunosuppression.
Introduction
Liver transplantation is the only curative treatment for decompensated cirrhosis, hepatic malignancies and fulminant hepatic failure [1] . Over the past two decades there has been a steady increase in the age of potential recipients for transplantation. At present, 75% of patients on the waiting list for liver transplantation in the United States are older than 50 years of age ( Figure 1 ) [2] . Furthermore, the proportions of liver transplant recipients who were 60 years of age or older rose from 15% in 1990-1995, to 23.4% in 2006-2010 . Mirroring this trend, the proportion of liver donors who were 60 years of age or older increased even more sharply, from 5.7% to 13.6% ( Figure 2 ) [2] . Consideration of elderly individuals, both as recipients and donors, is now a daily occurrence at liver transplant centers throughout the world. Given the controversy associated with allocating scarce donor organs to older recipients [3] [4], a discussion of liver transplantation in the elderly is timely. The current review addresses three questions pertaining to liver transplantation of the elderly:
1) Is liver transplantation in the elderly feasible? 2) How to select elderly patients who have a realistic chance of long-term survival and high quality of life after transplantation?
3) How to improve medical management of elderly patients who have undergone liver transplantation?
Is Liver Transplantation in the Elderly Feasible?
Refinement in medical, surgical and peri-operative care of liver transplant patients over the past two decades allow transplant programs now to consider elderly patients who would have been unacceptable candidates in the past. Gradual accumulation of experiences may have contributed to the increase in age of recipients who are considered elderly, from those older than 50, to those older than 60 and now even to those older than 70 years of age [5] - [9] . A large number of reports on the outcome of elderly liver transplant recipients have been published [5] - [22] . Keswani et al. has provided an excellent review on the majority of these studies [23] . Most of the authors used age 60 or 65 as the cutoff to compare older vs. younger patients, three used 70 [6] - [9] . All but one study reported experience with deceased donor transplantation [22] . We will highlight salient features of these reports in order to answer our proposed question. Zetterman et al. published the only report that provided data on the proportion of patients who ultimately underwent transplantation among those being evaluated for the procedure, 54.2% for age 60 or older, 54.8% for age less than 60 [21] . This suggests a lack of bias towards older patients. The authors found a significantly lower 1-year survival in the older age group, 81% vs. 90%, where the majority of deaths occurred within the first 6 months of transplantation. Patients in the two age groups who survived 1 year after transplantation had a similar degree of improvement in their quality of life indices.
While 1-year survival rates for elderly recipients were fairly consistent among studies, ranging between 75% -85%, long-term survival rates tend to vary more significantly across studies. From England, Cross et al. showed excellent outcomes for recipients who were older than 65 years of age compared to recipients who were 60 -64 and 18 -59 years of age [14] . The 5-year survival rates in the 3 groups were 73%, 77% and 73% respectively. The Mayo Clinic reported a similar experience from 1998-2004, showing virtually identical 5-year survival rates among 42 recipients age 70 or older (73%) and a carefully matched control group who were younger than 60 years of age (76%) [6] . In sharp contrast to these reports, two other studies reported a more dismal outcome. Using single center data from1984 to 1997, Collins et al. compared survival between 91 recipients age 60 and older with 387 younger adults. The 5 and 10-year patient survival was 52% and 35% in the older group, compared to 75% and 60% in the younger group. A recent analysis using data from the United Network of Organ Sharing (UNOS) database between 2003-2008 also showed a disappointing, 55%, 5-year survival for recipients age 70 and older [8] . Recipients age 70 or greater was associated with a 60% increase in mortality compared to those younger than 70 after accounting for other predictors of post-transplant survival (hazard ratio 1.626, p > 0.0001). These varied experiences suggest practice patterns of individual centers may affect post-transplant survival. But on a national level, at least in the United States, when the effect of individual transplant centers is being "averaged", elderly recipients do not do as well as younger patients in the long-term.
There are 2 important analytical considerations when evaluating the independent effect of age on survival post-transplantation. First, because age is a continuum, dividing a cohort at an arbitrary point, i.e. 60, may not fully capture the effect of aging. Second, because there are other factors affecting post-transplant survival, such as liver disease severity and donor quality, it is important to account for such factors during analyses. Three reports made serious attempts at addressing these 2 issues [17] [18] [21] . Age 60 was shown to be a very "good" cut-off point: the 1-year post-transplantation mortality was nearly the same among recipients whose age was between 30 and 60 [21] , it became accelerated after this age [17] [21] . It also became clear that age greater than 65 [18] or 66 [17] was associated with even worse survival. After accounting for other factors affecting post-transplant survival, Zetterman (hazard ratio 1.96, 95% CI 1.17 -3.30) and Levy (hazard ratio 2.3, 95% CI 1.6 -3.5) both reported recipient age 60 or older to be an independent risk factor for mortality at 1-year post-transplantation.
Taken together, liver transplant recipients age 60 and older do not do as well as younger patients, especially after accounting for other predictors of post-transplant survival. Even though the majority of elderly recipients tolerated the surgery, the lower survival was clinically apparent in the short-term, and became more pronounced in the long-term. Other notable, but subtle differences, between older and younger recipients may explain this discrepancy in survival, assuming older recipients passed the rigorous medical examination before being considered eligible for transplantation. Zetterman et al. found older recipients were more likely to have poor nutritional status and muscle wasting, and slightly, though statistically significant, worse renal function (serum creatinine 1.4 vs. 1.2 mg/dL) [21] . These factors are known to be independent predictors of worse post-transplant survival [24] [25] . Elderly patients who were more ill, for example, having Child's C cirrhosis rather than Child's A or B, or were hospitalized in the ICU, did especially poorly: fewer than 40% of patients age 65 or older who underwent transplant from the ICU survived at 1 year [18] . It is worth noting that elderly recipients who achieved excellent survival in the two aforementioned studies were less ill physiologically than their younger counterparts based on the reported Child's class, serum bilirubin and albumin levels [6] [14] . Avoiding these patients may partly explain why some centers are able to achieve excellent long-term outcome among elderly candidates. The answer to our proposed question is "yes", but patient selection is crucial, which we will discuss in detail in the next section.
How to Select Elderly Patients Who Have a Realistic Chance of Long-Term Survival and High Quality of Life Following Liver Transplantation?
By combining a thorough medical evaluation focusing on known characteristics of the elderly population and new prognostic models on the risk of liver transplantation, it is possible to identify older candidates who will have a reasonable long-term post-transplant survival. This process is critical to ensure proper utilization of scarce donor organs because elderly patients in general, as we have discussed, do not do as well as their younger counterparts. We will also discuss the special case of elderly patients with hepatocellular carcinoma but otherwise well compensated cirrhosis, a scenario in which treatment other than transplantation may be similarly efficacious.
Pre-Liver Transplant Medical Evaluation of the Elderly
In the general population, the elderly are more likely to have coronary artery disease [26] , decreased renal function [27] , osteoporosis [28] and malignancies [29] than younger people. The life-time risk of fatal coronary artery disease or nonfatal myocardial infarction among individuals with no risk factors is more than four-fold higher for those at age 65 (9.6 % until age 90) compared to those at age 45 (1.7% until age 80) [30] . Renal function also declines steadily during aging [31] . There is a progressive fall in glomerular filtration rate (GFR) after age 40 [32] , a decrease in renal "reserve" and impaired sodium and water handling [33] . Almost half of elderly individuals was estimated to have chronic kidney disease [34] . Osteoporosis with or without decreasing functional status is another common complication leading to increased morbidity and mortality, both in the elderly and in patients with cirrhosis [35] [36] . Finally, the risk of most cancers increases with age [29] , which is reflected by the fact that the median age at diagnosis for most cancers is in the mid sixties.
The medical co-morbidities seen in older patients with liver disease likely mirror that of the general population. Hoshida et al. reported a 90% prevalence of medical co-morbidities in an elderly cohort of 135 Japanese patients with chronic liver disease [37] . Thirty-one percent of these patients had cardiovascular disease and 21% had extra-hepatic cancer. In addition, of the 45 deaths that occurred during follow-up, only 40% were from liver related causes. This study would suggest that liver transplantation is unlikely to impact the overall survival for the majority of elderly cirrhotic patients, because providing a cure for cirrhosis probably does not affect the natural history of other medical illnesses.
Among the medical co-morbidities, cardiovascular disease adversely impacts a patient's ability to tolerate the stress of the surgery. Renal insufficiency and malignancy decrease recipients' long-term post-transplant survival under the effect of immunosuppression. These complications can have a profound impact on the quality of life for patients after transplantation. As a result, the evaluation of older candidates who are more likely than younger candidates to suffer from these conditions must be meticulous in order to achieve good clinical outcome.
To exclude significant coronary artery and valvular heart disease, most transplant centers require patients over the age of 50 to undergo stress echocardiography. In an evaluation of 772 liver transplant candidates, older age, in addition to a history of coronary artery disease, hypertension and congestive heart failure, was associated with high-risk myocardial perfusion imaging characteristics [38] . Because of the relatively high false-positive rate of stress testing techniques, most centers require cardiology consultation and cardiac catheterization if the results may impact the patient's transplant candidacy [38] - [40] . Even with such a careful approach, postoperative cardiac complications are not eliminated. In one of the series cited above, where all patients had a careful preoperative cardiac evaluation, 19% of patients over the age of 70 had a cardiac arrhythmia and 7% had a myocardial infarction within 7 days of liver transplantation [6] . These rates were noticeably higher than the 7% arrhythmia and 0% myocardial infarction among recipients who were younger than 60 years of age.
Because of the increased prevalence of renal dysfunction in the elderly as well as its impact on post-transplant outcomes, it is critical to use the most accurate techniques to evaluate renal function in older liver transplant candidates. There is no consensus as to the best approach to estimate renal function as reflected by GFR in elderly patients with cirrhosis who are being considered for liver transplantation. The following is our approach based on empirical evidence. Serum creatinine, urine analysis and urine output remain our most important clinical tools. Serum creatinine, however, usually overestimates true GFR in elderly cirrhotic patients [41] , because a normal (or low) serum creatinine could be related to low muscle mass, which is associated with both cirrhosis and aging [42] . As a result, we use 24-hour urine collection to measure creatinine clearance to estimate renal function. While it is likely better than a single measure of serum creatinine, 24-hour creatinine clearance could still overestimate the true GFR [43] . Among the newer methods, measurement of serum cystatin C, a protein produced by all nucleated cells at a constant rate and not affected by gender, age or muscle mass, may be better than serum creatinine [44] , although this requires further confirmation. If noninvasive techniques identify significant renal dysfunction, it may be necessary to perform a kidney biopsy in order to determine whether the patient requires combined liver and kidney transplantation rather than liver transplantation alone [45] .
Besides cross-sectional imaging of the abdomen to screen for hepatocellular cancer in all patients with cirrhosis, cancer screening of elderly transplant candidates focuses on the common cancers in the general population: colonoscopy for colorectal cancer, mammography for breast cancer and chest X-ray for lung cancer. Transvaginal ultrasound is used to screen for gynecological cancers in patients who are at high risk. Patients with previously "cured" extra-hepatic malignancies usually need to be cancer-free for 2 years before being eligible for liver transplantation, although this varies by tumor type. We usually require an oncology consultation to assess the risk of tumor recurrence for patients who had a recent diagnosis of cancer [1] .
In addition to screening for common cancers in the general population, two groups of elderly liver transplant candidates require additional testing. The first are patients with primary sclerosing cholangitis (PSC), a rare liver disease that has a relatively high incidence rate among those older than 60 years of age [46] . Patients with PSC carry an increased risk of gallbladder cancer, cholangiocarcinoma and colorectal cancer (among those with concurrent inflammatory bowel disease) [47] . While there is no consensus on the optimal screening strategy, we employ magnetic resonance imaging every 6 months as well as annual surveillance colon biopsies. The second are patients with an established diagnosis of hepatocellular carcinoma, a condition that is strongly associated with advanced age [48] . Because tumor progression is often unpredictable, we employ every 3 months crosssectional imaging plus alpha-fetoprotein measurement to ensure one's tumor burden has not exceeded the standard Milan criteria for transplantation [49] . We also require a chest CT every 6 months to evaluate for pulmonary metastasis.
Finally, frailty, a loosely defined term associated with decreased functional and nutritional status, a feature seen more commonly among elderly patients [21] , deserves special consideration. Recently, Englesbe et al. provided rather dramatic data on the relationship between a decrease in psoas muscle area, one of the markers for frailty, and post-liver transplant mortality [50] . The authors not only confirmed that psoas muscle area decreased significantly with increasing age, but also showed that liver transplant recipients whose psoas muscle measured in the lowest quartile had a 1 and 3-year survival of 50% and 27%, compared to 87% and 77% for those in the highest quartile. While we have not routinely used psoas muscle measurement during our evaluation, we employ the more traditional "subjective global assessment" based on 25 parameters obtained from patients' history, physical exam and clinical conditions [51] . In general, we do not consider frail elderly patients with significantly decreased functional status transplant candidates, even when there are no serious medical co-morbidities.
After Medical Evaluation: Listing and Peri-Transplant Considerations for Elderly Candidates
For elderly patients with good functional status and without medical contraindications, it would be reasonable to list them for liver transplantation for the same indications as younger patients. The current liver organ allocation system uses the Model for End Stage Liver Disease (MELD) score, originally developed to predict mortality after transjugular intrahepatic portal systemic shunt procedure [52] . Because MELD score can also accurately predict the risk of death in patients with chronic liver diseases in general [53] , those with higher scores, who are more likely to die within 3 months, are given priority for transplant if an organ becomes available. Careful follow-up studies have shown a significant survival benefit from transplantation only in patients with MELD scores of 16 or greater [54] , probably because those with lower MELD scores are unlikely to die in the short-term. Given the high-risk nature of the surgery, the benefit of transplantation for patients with low MELD score is less apparent. Thus, it is imprudent to actively list elderly patients with low MELD scores unless they have other compelling indications for transplant. Being listed for transplant does not ensure that one will be transplanted. Between 2005-2009, 23.6% of listed patients with a MELD score between 27 -29 died or became too ill while waiting. Whether elderly listed candidates are more likely to deteriorate clinically compared to younger patients is unclear, but it is critical to identify and avoid transplanting elderly patients who have become too ill to tolerate the surgery and high dose immunosuppression. In an analysis of over 8000 liver transplant recipients 60 years of age or older in the United States from 1994 to 2005, Aloia and colleagues identified five factors that had the greatest impact on post-transplant survival [55] . These five factors, which they combined into an Older Recipient Prognostic Score (ORPS), included ventilator status, diabetes mellitus, hepatitis C infection, serum creatinine ≥ 1.6 mg/dL and combined recipient and donor age ≥ 120 years. By assigning 1 point to each factor, patients with 0 -2 points had 1 and 5-year post-transplant survival rates of 75% and 58%, respectively. In contrast, elderly recipients with >2 ORPS points had a 5-year survival rate less than 50%. Among these five variables, the combined recipient-donor age ≥ 120 carried the highest risk (hazard ratio 1.49, 95% confidence interval 1.33 -1.66), suggesting that it may be prudent to avoid using older donors in older candidates.
Using data from almost 22,000 liver transplant recipients between 2002 and 2006, Rana et al. developed a detailed prognostic system, the Survival Outcomes Following Transplantation (SOFT) score, focusing on factors that have the strongest impact on short-term survival death within 3 months of transplantation [56] . The prognostic variables were assigned between −3 to 14 points. When the SOFT score was less than 5 points, the 3-month post-transplant survival was 97%, compared to 38% when the SOFT score was more than 40 points. Age greater than 70 only resulted in 4 points in this system, notably less than pre-transplant ICU stay (6 points), being on life support (9 points), portal vein thrombosis (5 points) and bleeding from portal hypertension within 48 hours of transplant (6 points) and previous transplants (9 and 14 points for 1 and 2 previous transplants, respectively). These data suggest advanced age alone does not portend a poor prognosis after transplantation in the absence of other indicators of disease severity.
By systematic application of these aforementioned prognostic models to elderly patients who have been approved for liver transplantation, it is possible to avoid futile transplants and achieve good post-transplant survival.
When Transplantation Is Feasible and Long-Term Survival Is Realistic, Should We Recommend It to Our Elderly Patients? The Special Case of Hepatocellular Carcinoma
When an elderly patient seems to be a reasonable liver transplant candidate based on the foregoing considerations, there can be circumstances when additional thought should be given to recommending transplantation. One such circumstance is when an elderly patient presents with hepatocellular carcinoma but otherwise well compensated liver disease. The current MELD system in the United States, which provides priority or exception points for patients with hepatocellular carcinoma within the Milan criteria, does not require one to have concurrent decompensated liver disease. Because aging is one of the strongest risk factors for liver cancer development [48] , the clinical scenario of liver cancer without liver failure may disproportionately affect elderly patients. If an elderly liver cancer patient has no obvious medical co-morbidities and appears physically well because his or her cirrhosis is well compensated, liver transplantation may seem to be an ideal treatment option. There is, however, strong indirect evidence to suggest that liver transplantation may not be the optimal treatment for this group of patients. De Giorgio et al. reported clinical outcomes in 206 patients with hepatocellular carcinoma within Milan criteria, most of whom received local-regional therapy [57] . The mean age of the cohort was 63, and 75% of patients had Childs' A cirrhosis. One hundred and twenty three patients were not listed for transplantation, with the most common reason being age 65 or older (N = 102). Over a course of 5-years, 66% of unlisted (older) patients remained alive. This rate is in fact better than the 55.5% 5-year survival reported from the most recent UNOS data on liver transplantation for liver tumor patients age 70 or greater [8] . Given the risk associated with transplantation in terms of donor quality, peri-operative complications and chronic immunosuppression, it is conceivable that elderly liver cancer patients without significant hepatic decompensation may do similarly well with less invasive tumor treatment approaches, such as local regional therapy [3] .
Management Considerations for Elderly Patients after Transplantation
To date, the postoperative management of elderly liver transplant recipients is not significantly different from those for younger recipients. In the future, it may be reasonable to develop protocols specifically tailored to the needs of elderly patients. Important considerations include reduced immunosuppression and a special emphasis on smoking cessation. The purpose of immunosuppressive medications in liver transplantation is to prevent and treat rejection, a histologically defined condition manifesting host's immune response against the transplanted liver graft. Damages to the donor endothelium and bile ducts are the most common pathological features, usually with associated jaundice and elevated liver enzymes [58] [59] . Even with modern immunosuppression regimen involving calcineurin inhibitors, the rate of acute cellular rejection is in the range of 40% -70% within the first year of liver transplantation [60] - [62] . Interestingly, rejection is usually easily treatable, and the long-term mortality after transplant is less commonly attributed to rejection, but more often to renal failure, cancer, cardiovascular disease and infections [13] [14] [63] [64] , all of which may be associated with a weakened immune system.
The elderly liver transplant recipients appear to be at a significantly lower risk of rejection compared younger patients. In the most rigorous study to date, in which Wiesner and colleagues systematically analyzed risk factors for histologically confirmed acute rejection among 762 consecutive liver transplant recipients [61] , the incidence of rejection was 65% among recipients age 16 -29, compared to 34% among recipients 60 and older. After adjusting for underlying liver disease, immunosuppression regimen and HLA matching, every 10 year increase in recipient age above 30 was associated with a 20% lower risk of rejection (relative risk 0.81, 95% confidence interval 0.73 -0.90). In contrast to a decreased risk for rejection, elderly liver transplant recipients are at an increased risk for chronic renal failure and malignancies than younger recipients. The incidence of chronic renal failure after liver transplantation increases by 30% for every decade increase in age, and is strongly associated with post-transplant mortality [64] . Calcineurin inhibitor associated toxicity was the most common cause of renal failure [65] . Several studies have reported a significantly higher risk of de novo malignancies in elderly patients after liver transplantation [11] [63] [66] . Every decade increase in age was associated with a higher risk of non-skin cancer (hazard ratio 2.42, 95% CI 1.46 -4.02), which also translated into decreased survival [63] .
These studies documenting lower rates of rejection and higher rates of renal failure and malignancies in older recipients would suggest that elderly patients may derive a survival benefit from less immunosuppressive medications. However, there are no published data that specifically address this hypothesis. Calcineurin inhibitor minimization may improve renal function [67] , but whether it decreases de novo cancer is unknown. While this may be a rational consideration, the effect of aging may be so strong that minimizing immunosuppression may not alter the risk of malignancies post transplantation.
An extraordinarily strong risk factor for post-transplant malignancies that has been reported in many studies is continuation of smoking after the operation. In fact, the two factors that show the strongest correlation with postoperative malignancies are smoking and age [63] . Based on these data, routine age appropriate cancer screening, special attention to cancers of the skin and lung, and aggressive programs to maintain abstinence from smoking may be the best options before firm data with regard to immunosuppression minimization become available.
Conclusion and Future Directions
While patients older than age 60, on average, did not do as well as younger patients after liver transplantation historically, optimizing patient selection could minimize this discrepancy. It would be appropriate to evaluate functional elderly patients without significant medical co-morbidities for transplantation for the same indications as younger patients. But for elderly patients with hepatocellular carcinoma and otherwise compensated liver disease, it is important to consider alternative tumor treatment modalities that could provide a similar survival. Elderly candidates who become too ill should be compassionately counseled away from transplantation. What is more devastating than death itself is death after a prolonged post-transplant hospital course, particularly when this could be predicted before the operation. Finally, elderly transplant candidates and recipients may benefit from a more tailored management strategy in terms of donor risk matching and less immunosuppression posttransplantation. The effect of these interventions should undergo more rigorous study.
